Abstract-Nowadays, in-wheel motors applied in pure electric vehicles (EVs) propulsion systems have attracted great attention in advance research and development. In-wheel direct drive eliminates the mechanical transmission, differential gears and drive belts. Thus, in-wheel direct drive provides quick torque response, higher efficiency, weight reduction, and increased vehicle space. As one of alternative, a new design of hybrid excitation flux switching motor (ORHEFSM) for in-wheel drive EV is proposed. In this paper, the optimization design of single phase 8S-4P outer rotor HEFSM is analysed. Open and close circuit of initial and final design is comparedbased on 2-D finite element analysis (FEA). The optimized design motor has produced higher torque which is 138.18Nm with 22.2% improvement compared to initial design motor which is 107.5Nm and has achieved the target value which IllNm. The initial maximum power achieved was 17.02kW, while for the improved design motor, it has increased to 41.81kW, since the target maximum power is 41kW. The design optimization has been made on the initial design machine shows that there is great enhancement on torque and power.
I. INTRODUCTION
By increasing number of population in the world, the demand toward vehicles for personal transportation has also been increased dramatically in the past of decade which leads to serious problems called 'global warming'. One of the main causes of global warming is Internal Combustion Engine (ICE). Through the report in year 2008 [1] , about seven per cent of global carbon dioxide (C0 2 ) emission in year 2000 came from the vehicles. By the year 2015, it is expected that CO 2 emission rate from vehicles will increase two times with economic growth.
Hybrid Electric Vehicle (HEV) is considered as an ultimate eco-friendly car and this is highly expected to be popularized in the future [2] . The important of the basic characteristics requirements of an electric motor for HEV drive systems are high torque, high power density, and constant power at high speed as well as high efficiently [3] . density and efficiency [4] . Although PMSM has the advantage of high torque density and high efficiency, still it has the problem of demagnetization and mechanical damage of rotor's magnet. Due to this reason, other alternative machine should be design to overcome the problems of PMSM already installed in HEV.
DC motors have been widely accepted in electric propulsion due to use battery as DC supply and simple control principle. However, DC motor drives have a few disadvantages such as low reliability, unstable current and high maintenance [5] - [6] . Thus DC motors are unsuitable for maintenance-free drives. At present, induction motor (1M) are generally established as the most potential candidate for the electric propulsion of HEVs, due to their reliability, ruggedness, low maintenance, and low cost [7] . However, 1M drives have demerits such as high loss, low efficiency and low power factor [8] .
Then switched reluctant motor (SRM) is invented to overcome the permanent magnet problem. SRM has no PM and robust rotor structure but it is not suitable for HEV due to large torque ripples and noisy [9] .
Electric vehicles (EVs) seem like an ideal solution to deal with the energy crisis and global warming since they have zero oil consumption and zero emissions. EVs have several advantages over Hybrid Electric Vehicles (HEV) such as EVs emit no tailpipe pollutants, although the power plant producing the electricity may emit them and EV provide quiet, smooth operation and stronger acceleration and require less maintenance than HEV. Therefore, Electric Vehicle (EV) is now regarded as an ultimate eco-friendly car and is widely expected to become more popular in the very near future [10] .
However, most of commercial EV used single motor and transmission gears coupled to the wheels. This system leads to the transmission losses and reduce the efficiency and reliability of the motor. Therefore, in-wheel direct drive mechanism is introduced to overcome this problem. In-wheel direct drive eliminates the mechanical transmission, differential gears and drive belts.
Since the in-wheel direct drive with outer-rotor configuration is more practical for direct drive application, several invention of in-wheel mechanism for EV application has been proposed. For example 12S-22P outer-rotor permanent-magnet flux-switching machine (PMFSM) for electric propulsion in a lightweight electric vehicle has been proposed [11] . The proposed machine is a highly possible candidate for in-wheel direct-drivesThis PMFSM has physical compactness, robust rotor structure, higher torque and power density and high efficiency. However PMFSM has several disadvantages of uncontrolled flux and demagnetization [12] .
Besides, 36S-24P outer-rotor permanent magnet (PM) hybrid machine also have been proposed [13] . This machine consist of permanent magnet (PM) and field excitation coil (FEC) as a main flux source has more advantage compared to PMFSM However this design have some disadvantage such as complicated design due to double-layer stator and high cost.
Thus, as one of the candidate that can overcome the problems, a new structure of outer-rotor hybrid excitation flux switching machine (ORHEFSM) with 8S-4P single-phase winding have been proposed [14] . The maximum torque achieved for initial design 8S-4P ORHEFSM is 96.8% of the target performance, whereas the maximum power is 17.02kW which is 41.51 % of the target performance.In this paper, the optimization design of single-phase 8S-4P outer rotor HEFSM is analysed. Flux linkage of PM with De FEe, flux line of PM only, induced voltage of PM with De FEe, cogging torque, and torque and power versus FEe current density, h at various armature coil current densities, h for initial and final design is compared.
II. OPERATING PRINCIPLE OF ORHEFSM
The concepts of PMFSM and HEFSM have been introduced in the middle of 1950's [15] and in 2007 [16] , respectively. The term "flux switching" is introduced due to the changing of the polarity of the flux linkage by following the motion of salient pole rotor.Outer-rotor HEFSM witha robust rotor structure similar with SRM is suitable for extreme driving condition [17] . The PM and FEe are placed at the stator and a simple cooling system can be used for this machines. In addition, FEe place the stator can control the variable flux abilities and have a potential to the torque and power. In the proposed ORHEFSM, the possible number of rotor pole and stator slot is defmed by (1) Where Nr is the rotor poles number, Ns is the number of stator slots, q is the number of phases and the natural number is defined as k. For the proposed motor, q is set as single phase, Ns is set as 8 and N is set as 4. In general, the rotation frequency of mechanical, In, and the frequency of electrical, Ie for the proposed motor can be articulated as (2), where Ie, Nr andf,n is the frequency of electrical, number of rotor poles and mechanical rotation frequency, respectively. 
III. DESIGN RESTRICTIONS, SPECIFICATIONS
AND PARAMETERS OF OR-HEFSM Table I shows the electrical restrictions related with the inverter such as maximum 375V DC bus voltage and maximum 360A inverter current are set. The limits of the current densities are set to the maximum of 30Arrn/mm 2 and 30A/mm 2 for armature winding and DC FEC, respectively. In addition, the geometrical dimensions of the HEFSM such as the stator outer diameter, motor stack length, shaft radius and air gap are set to 264mm, 70mm, 30mm and 0.8mm respectively, while the PM weight is set to be 1.0kg. The target performance for maximum torque and power are 111 Nm and 41kW respectively.
The commercial FEA package, IMAG-Oesigner ver.13.0, released by Japan Research Institute is used as 2D-FEA solver in this design. The material used for PM is NEOMAX 35AH with residual flux density and coercive force at 20 0 are 1.2T and 932 kA/m respectively. Whereas for the stator and rotor body, the material used is electrical steel, 35H21 O. Table II shows the parameters of the initial and final design of OR-HEFSM. From Table II , the rotor parameters involved are the outer rotor radius (D1) which is 83% of the size of motor and within the range of general machine split ratio, rotor pole depth (D 2 ) which is more than the half size of the rotor and to ensure flux moves from stator to rotor equally without any flux leakage, the design of rotor pole arc width (D3) is defined as in (3). The rotor pole width is reduced to allow optimal flux flows into the rotor pitch.
IWs=IWr (3)
The distance between airgap and PM is (D4). The PM slot shape parameters are the PM depth (05), and the PM width (D6) calculated by using volume of lkg PM. The size of both 05 and 06are reduced and expecting will give more flux to flow and increase the motor performances while for the FEC slot depth and FEC slot width, (07) and (Os) calculated from (4). The area of optimized FEC slot is higher compared to initial design and give a maximum current density, Je of 30 A/mm 2 with 44 turns of FEC winding due to the flux have enough space to flow easily.
Finally, the armature coil parameters are armature coil slot depth (D9) and the armature coil slot width (DlO) calculated from (5) by using 168mm area of armature coil. The armature slot area is set similar for initial and final design in order to maintain the limitation of the maximum current densities which is set to 30Ann/mm 2 . Therefore, the depth of D9 is shorter is shorter and will prevent flux saturation while the shape of AC change to make the flux easily through it. The motor design parameters, from D) to DlOare demonstrated in Fig. 3 . Based on the motor parameters identified, the deterministic design optimization method is used and implemented using 2-D FEA solver to obtain the optimal performances of the proposed motor. In summary, the motor parameters Dl to DlO are changed repeatedly until the target performances of torque and power are achieved. The initial and final design structure of ORHEFSM is illustrated in Fig. 4 . Design Performance and Results Based on 2D Finite Element Analysis.
IV. DESIGN PERFORMANCE AND RESUL T S BASED ON 2D FINITE ELEMENT ANALYSIS
A.
Flux Linkage of PM and FEC
The flux linkage of the initial and fmal design at various condition of Je is plotted in Fig. 5 . All the flux from PM has been successfully interacts with the FEC flux without any leakage. From these figure, it is showed that the magnitude of flux linkage of the final design at maximum Je has decreased 12.5% from 0.08Wb to 0.07Wb and the flux linkage of the final designed motor looks more sinusoidal compared with the initial design motor Hence, it has the ability to increase the performances of the motor.
B.
Flux Path of PM
The field distribution for PM of initial and final design ORHEFSM is also analyzed and as shown in The comparison of back-emf of initial and final design ORHEFSM at the speed of 1200 r/min is investigated in Fig. 7 . It is clearly shown that the amplitude of back-emf for the final design motor has significantly reduced from 43.74V to 36.36V. Furthermore, the back-emf of the final designed motor looks more sinusoidal compared with the initial design motor. The value of induced voltage must not exceed the supply voltage, 375V because it will interrupt the operation of the motors as it is use for regenerative breaking to charge battery.
D.
Cogging Torque
The cogging torque of the final design ORHEFSM compared with the initial design is exemplified in Fig. 8 . One cycle is formed as the rotor being rotate 3600 electric cycle. The cogging torque generated is low which is good for the motor to produce low torque ripples. From the graph, the final design motor shows increment in peak-to-peak cogging torque ripple where it has increased 42% from 0.29Nm to 0.5Nm. Even the peak-to-peak cogging torque has increase, but the magnitude of peak-to-peak cogging torque is consider small if compared with the target ofinaximum torque. ---, ------,------, ----- 
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, , In load analysis, both FEe and armature coil current are supplied in the circuit with the values that have been calculated. From the torque value, the power value can be obtained. Both J A and h are varied from 5A/mm 2 to 30A/mm 2 and 5Arms/mm 2 to 30Arms/mm 2 , respectively. From Fig. 9 , when JA is set between 5 Ann/mm 2 to 25 Arm/mm 2 , the output torque is reduced for Je greater than 15 A/mm 2 . This phenomenon is due to the flux saturation effect.
The torque versus FEe current density at maximum hof the initial and final design is also compared and plotted as depicted in Fig. 10 . The maximum torque obtained for the initial design is 107.5Nm, while the final design ORHEFSM is 138.18Nm and has achieved the target value which 111 Nm. From the diagram, when JA is set at maximum of 30 Arms/mm 2 , the torque keep increasing as Je is increased from o A/mm 2 to 30 A/mm 2 for both initial and final design.
Thus, the maximum power also has been increased and it has achieved the target value which 41kW as shown in Fig.  11 . The initial design motor the maximum power achieved was 17.02kW, while for the final design motor, it has increased to 41.81 kW and obtained when armature coil and De FEe current densities are set to the maximum of 30Arms/mm 2 and 30A/mm 2 . The torque and power is directly proportional to each other. From both graph, when J Aincrease, the torque and the power increase smoothly. Fig. 12 shows the torque and power versus speed. For the initial design ORHEFSSM, at base speed 1,512r/min, the torque obtained is 107.5Nm, while for the final design ORHEFSSM, at base speed 2,890r/min, the torque obtained is 138.18Nm as the maximum, respectively. Table III summarizes torque, power, weight, power density and torque density for target, initial and final design of ORHEFSM.
F. Motor Loss and Efficiency analyses
The motor loss and efficiency are computed by 2D-FEA considering copper losses in armature coil and FEes, and iron losses in all laminated cores. In Fig. 12 , the specific operating points at the maximum torque, the maximum power, and frequent operating points under light load conditions are illustrated. For these operating points, the detailed loss analyses and motor efficiency of the finally designed machine are summarized in Fig. 13 , where is the iron loss, is the copper loss, and is the total output power. At high torque operating points No.1, the motor efficiency is 96.24%. At high speed operating point No. 2, the motor efficiency is 87.73% with slight degradation due to increase in iron loss. Furthermore, at frequent operating points from No. 3 to No. 8, the proposed machine achieves relatively high efficiency approximately more than 92%. The proposed ORHEFSM can also work with high efficiency as much as 92% to 97%. 
, , Design optimization studies of single-phase 8S-4P Outer rotor HEFSM for in-wheel drive EV applications have been presented. The final design motor has produced higher torque which is 138.18Nm with 22.2% improvement compared to initial design motor which is I07.5Nm and has achieved the target value which IIINm. The initial design motor the maximum power achieved was 17.02kW, while for the final design motor, it has increased to 41.81 kW, since the target maximum power is 41kW.
